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In Brief
Odorant receptor (OR) choice is monogenic and monoallelic, giving olfactory neurons a unique identity. Heterochromatin limits initial activation of OR alleles and is important for singular choice. Abdus-Saboor et al. uncover a post-selection refinement (PSR) mechanism that restores singular OR expression if multiple alleles are initially activated.
SUMMARY
Odorant receptor (OR) gene choice in mammals is a paradigmatic example of monogenic and monoallelic transcriptional selection, in which each olfactory sensory neuron (OSN) chooses to express one OR allele from over 1,000 encoded in the genome [1] [2] [3] . This process, critical for generation of the circuit from nose to brain [4] [5] [6] , is thought to occur in two steps: a slow initial phase that randomly activates a single OR allele, followed by a rapid feedback that halts subsequent expression [7] [8] [9] [10] [11] [12] [13] [14] . Inherent in this model is a finite failure rate wherein multiple OR alleles may be activated prior to feedback suppression [15, 16] . Confronted with more than one receptor, the neuron would need to activate a refinement mechanism to eliminate multigenic OR expression and resolve unique neuronal identity [16] , critical to the generation of the circuit from nose to olfactory bulb. Here we used a genetic approach in mice to reveal a new facet of OR regulation that corrects adventitious activation of multiple OR alleles, restoring monogenic OR expression and unique neuronal identity. Using the tetM71tg model system, in which the M71 OR is expressed in >95% of mature OSNs and potently suppresses the expression of the endogenous OR repertoire [10] , we provide clear evidence of a post-selection refinement (PSR) process that winnows down the number of ORs. We further demonstrate that PSR efficiency is linked to OR expression level, suggesting an underlying competitive process and shedding light on OR gene switching and the fundamental mechanism of singular OR choice.
RESULTS
We previously generated a transgenic mouse line, tetM71tg, that expresses the M71 odorant receptor (OR), along with marker protein tau-lacZ, under the control of the tetracyclinedependent transactivator [10] . Expression of tetM71tg leads to pervasive expression of M71 in the olfactory epithelium and efficient suppression of the endogenous OR repertoire when driven by tTa supplied by a modified allele of the OMP (olfactory marker protein) gene (OMP-IRES-tTa, [17] ). This phenomenon was interpreted as consistent with the feedback model of OR regulation, which would predict that ectopic expression of functional receptor in a neuron, prior to endogenous choice, would halt activation of additional OR alleles [12] [13] [14] . Prior studies have suggested that OR onset may precede that of OMP [18, 19] ; nonetheless, robust suppression of endogenous choice is observed in the tetM71tg line [10] . Suggestively, however, in genetic experiments designed to force simultaneous expression of both alleles of a modified OR gene, we observed a strong skew toward monoallelic expression and a paucity of biallelic expression in older olfactory sensory neurons (OSNs) [9] . These data introduce a caveat into the interpretation of the tetM71tg-mediated suppression of endogenous OR choice, and we have therefore reexamined this phenomenon.
Onset of OR Expression and Suppression by tetM71tg
The expression of five OR genes, along with tetM71tg, was examined in the olfactory epithelia of tetM71tg and wild-type mice by immunohistochemistry and RNA in situ hybridization ( Figure 1 ). Compared to wild-type controls, the endogenous OR alleles are quantitatively suppressed by tetM71tg expression as previously reported ( Figures 1A-1J , data not shown, and [10] ). Neurons still expressing endogenous receptor, however, are observed to be displaced on average to a more basal position ( Figure 1K ) of the neuroepithelium that is comprised predominantly of the younger, OMP-negative subpopulation of neurons [20] . If the population of OSNs still expressing OR were the result of inefficient suppression by tetM71tg, we would expect to see the escapees randomly distributed throughout the height of the epithelium. However, the qualitative change in location suggests that neurons in the tetM71tg line may rather be expressing endogenous OR only as they transit through the OMP-negative developmental stage, shutting it off after the onset of OMP, when they begin to express tTa (from the OMP-IRES-tTa allele) and thus activate tetM71tg. To further characterize the relative timing of OR activation with respect to OMP, we examined the onset of OR and OMP expression. Using two-color RNA in situ hybridization, we confirm and extend previous findings [18, 19] that the onset of OR expression in the olfactory epithelium may precede that of the OMP gene and demonstrate that the proportion of OMP+ OR+ neurons increases with age ( Figure S1 ). These experiments demonstrate a progression in which OR onset precedes that of OMP and suggest that each OSN goes through a singlepositive (OR+OMPÀ) stage prior to becoming double-positive (OR+OMP+), consistent with recently published studies [21] [22] [23] . In the context of the tetM71tg line, these data suggest a scenario in which a subset of neurons, or perhaps all, may express both M71 and an endogenous OR prior to shutoff of the endogenous receptor allele.
Lineage-Marking Demonstrates Post-selection Shutdown To directly determine whether tetM71tg-induced suppression of the endogenous OR repertoire occurs after initial receptor choice, we used a genetically encoded lineage-marking strategy [12] with a modified allele of the P2 odorant receptor gene, P2-cre (J.A. Gogos, personal communication). The P2-cre allele produces an mRNA encoding both P2 OR and cre recombinase, allowing translation of both, via an internal ribosome entry site (IRES). When crossed to the lineage-marking allele Rosa-loxP-STOP-loxP-CFP [24] , selection of the P2-cre allele activates irreversible expression of the CFP marker protein, even if P2-cre expression is subsequently extinguished (Figure 2Ai ). We Figure 2H ). These data represent prima facie evidence that the P2-cre allele is initially expressed at wildtype frequencies, prior to being shut down in the tetM71tg line. Consistent with a transient double-positive stage, we observe the presence of double-positive OSNs, expressing both OR and tetM71tg ( Figure S2 and [10] ). These data further suggest that OSNs in the tetM71tg line express the endogenous OR repertoire as they transit through an OMP-negative stage and are briefly double-positive (endogenous OR+/tetM71Tg+) prior to efficient shutdown of the endogenous receptor.
Suppression of the OR Transcriptome in the tetM71tg Line
The observed post-selection shutdown phenomenon could be due to the simple control of gene expression level. In this scenario, the neuron would not be able to distinguish OR protein produced by an endogenous OR locus from that of the tetM71tg. Unable to regulate the tTa-driven tetM71tg, the neuron may extinguish expression from the endogenous locus to achieve appropriate levels of OR protein. To explore this possibility, we took advantage of the conditional regulation of tetM71tg afforded by the tet/tTa system and administered doxycycline [26] to tetM71tg animals to determine the effect of diminished M71 levels on endogenous OR expression ( Figure 3A) . In the absence of doxycycline, expression of M71 protein is robust and can be detected by immunostaining with antisera against lacZ or M71 (Figures 3D-3F ; quantitated in Figures 3B and 3C) . However, after administration of doxycycline for 4 and then 8 days, tetM71tg is efficiently shut off and M71 protein dissipates (Figures 3G-3L ; quantitated in Figures 3B and 3C) . Throughout the doxycycline feeding regimen and the ensuing diminution of M71 protein, the expression of the endogenous ORs remains suppressed ( Figures 3M-3R ), indicating that tetM71tg-mediated suppression likely represents a permanent state of the neuron, and not a temporary downregulation of endogenous OR. The doxycycline-fed tetM71tg animals, in which endogenous OR expression fails to be re-initiated after M71 levels wane, likely represent a state in which the olfactory neurons do not express any OR.
To gain insight into the nature of tetM71tg-mediated OR suppression of the endogenous OR repertoire, we analyzed the transcriptome of the olfactory epithelia of tetM71tg mice by RNA sequencing (RNA-seq). As expected, M71 is massively overexpressed in the tetM71tg olfactory epithelium ( Figure S3 ). The expression of the majority of ORs was greatly reduced in tetM71tg olfactory epithelia compared to wild-type controls ( Figure S3) . Suggestively, the RNA-seq data revealed ranks of suppression among the endogenous ORs, with receptors transcribed at a high level, such as MOR28 [27] , less efficiently downregulated than more modestly expressed ones like P2 ( Figure S3 ). These data suggest the possibility that receptor expression levels play a role in the susceptibility of tetM71tg-mediated shutdown. One mechanism to account for such expression-level dependence may involve inter-allele competition between ORs, with more highly transcribed genes more likely to remain expressed.
Pervasive, Low-Level OR Expression Does Not Suppress
To examine the effect that the level of receptor expression has on suppression, we derived a mouse line with pervasive, low-level OR expression. Using homologous recombination in mouse ES cells, we modified the OMP locus by inserting the coding region of MOR28 linked to an IRES element into the 3 0 non-coding region of the OMP gene, to create the OiR line ( Figure 4A ). Thus, all neurons that express this engineered OMP allele will synthesize a bicistronic mRNA allowing the translation of both OMP and MOR28 receptor proteins. Importantly, the onset of MOR28 receptor expression from the OiR allele mirrors that of the M71 receptor in the tetM71tg mouse, as both use OMP gene transcription to drive receptor expression. Coronal sections through the olfactory epithelia of OiR heterozygous mice were subject to immunohistochemistry with antiserum directed against the MOR28 receptor and reveal pervasive, low-level expression of MOR28 across the neuroepithelium (Figures 4B and 4C) . The expression level of MOR28 from its endogenous locus, which is comparable to the level of M71 expressed from tetM71tg, is on average 3-fold higher than MOR28 expression from OiR, as revealed by quantitative immunohistochemical analyses ( Figures  4D-4F and data not shown). In marked contrast to the consequence of tetM71tg expression, the endogenous OR repertoire is unaltered in the OiR line, with comparable frequencies of expression of M71 and M50 in OiR and control neuroepithelia ( Figures 4G-4L ). These experiments demonstrate that the level of expression of a pervasively driven OR likely dictates the efficiency with which post-selection shutdown may occur. Together, these data suggest a model in which a competitive relationship between OR alleles could mediate post-selection shutdown, consistent with the observation of differential efficiency of suppression of endogenous OR alleles in the RNAseq analysis of the tetM71tg line ( Figure S3 ).
DISCUSSION Cleaning Up After Feedback
Recently, the Lomvardas lab has revealed components of OR feedback. Induction of the unfolded protein response (UPR) by functional OR protein leads to activation of adenylyl cyclase III and downregulation of Lsd-1, halting further derepression, and thus activation, of additional ORs [28, 29] . This model requires sparse initial OR activation, where one allele is derepressed and expressed. The process we describe here may represent a ''failsafe'' mechanism when the UPR-mediated pathway cannot generate a single outcome. The timing of the UPR-mediated pathway differs from that of post-selection refinement (PSR), which functions after the onset of OMP (tetM71tg is driven by OMP-IRES-tTa). Furthermore, OMP is expressed as Lsd-1 wanes [8] , and conditional knockout studies of Lsd-1 reveal no late (OMP+) role [8] . OMP-driven tetM71tg is not likely to reactivate initial selection, or feedback, as no aberrant expression or reactivation of Lsd-1 is observed in the tetM71tg line (data not shown). Logic and timing differences between onset of feedback and PSR suggest a hierarchy wherein the UPR pathway mediates early-phase OR regulation and PSR refines it when multiple ORs are activated. However, given the uncertainty in timing of transition from initiation to maintenance, PSR may utilize or reactivate elements of the UPR-mediated process.
Prior Evidence of PSR and the Phenomenon of Switching
Previous studies have suggested the existence of PSR [9] . In experiments to force biallelic OR expression using tet/tTa, we observed high-frequency activation of the tet-modified locus. However, we observed just 3% biallelic expression, not the 25% expected [9] . Significantly, allelic inclusion was restricted to the younger stratum of the olfactory epithelium [9] . These findings suggest that biallelic OR expression is not stably maintained. PSR could provide a mechanism to filter out the adventitious activations, expected at some finite level, in stochastic choice [16] . Importantly, PSR may explain ''wild-type switching'' observed in lineage-marking experiments [12] . Interpreted as serial OR expression, wild-type switching is better seen as parallel expression: multiple ORs transcribed early, with one remaining after PSR [16] . This interpretation fits well with recent RNA sequencing experiments [21] [22] [23] . Work describing coexpression of OR alleles supports PSR with allelic inclusion declining with age [30] , although other, exploratory results describe rare, stable allelic inclusion [31] . Consistent with competition underlying PSR, wild-type switching rates are generally inversely proportional to OR expression levels: higher per-cell expression correlates with lower switching (Figure 2; [12] ). Furthermore, frequently expressed ORs are also most abundantly expressed per cell [27] , consistent with a model where highly transcribed ORs frequently prevail.
The kinetic model of OR choice posits sparse initial activation to ensure that a single OR is expressed when feedback repression takes effect, and lineage-marking studies show restricted OR transcription in the epithelium [12] . The epigenetic state of OR chromatin provides a biochemical underpinning for inefficient activation and the role of repression [7] , with H3K9 methylation likely underlying the kinetic restriction. Lyons et al. have ablated generation of H3K9-methylated OR chromatin, with genetic knockouts of G9a and GLP methyltransferases [32] . Without H3K9 methylation, pervasive, not sparse, activation of ORs would be expected. Without H3K9 methylation, a less diverse OR repertoire is observed, with a few OR genes predominating [32] . Strikingly, however, wholesale violation of the one-OR-per-neuron rule is not observed [32] . This phenomenology is analogous to the above-described forced allelic inclusion experiments, where inclusion is underrepresented [9] , further supporting the existence of PSR and its role in singular OR expression.
The Monoclonal Nose Mouse Revisited
The tetM71tg line was originally employed to test the feedback model, which predicted that pervasive, early expression of OR would suppress endogenous selection and ''monoclonalize'' the olfactory epithelium [10] . The efficient suppression observed was interpreted as consistent with the feedback model. Our experiments emend this interpretation. While efficiently suppressing endogenous choice, tetM71tg expression occurs after onset of endogenous ORs, suppressing them via PSR; it is through this aperture that the interpretations in Fleischmann et al. [10] should be viewed.
Competition and PSR The correlation of OR transcriptional level with the likelihood of suppressing contemporaneously expressed alleles suggests an autonomous, competitive mechanism underlying PSR. What mechanism might effect such competition? Compellingly, OR loci cluster in subnuclear domains decorating chromocenters, which are critical for initiating and maintaining receptor expression [33] [34] [35] . One model of PSR envisions eviction and silencing of endogenous alleles by tetM71tg. However, expressed tetM71tg does not associate with elements of these foci ( Figure S4 ), including the pericentromeric heterochromatin or the H element [34, 35] . It remains possible that tetM71tg expression disrupts these interactions indirectly or transiently translocates itself to the compartment. Many examples of monoallelic expression involve regulatory non-coding RNAs (ncRNA; [36] ). Similarly, an ncRNA derived from OR sequences may effect PSR. Dosage of putative ncRNA regulators may explain the threshold level of expression required for PSR: low level (OiR) does not suppress. This model would explain the inverse relationship between OR expression level and stability, in which highly expressed ORs switch less often (are more likely to outcompete). An ncRNA in PSR could be vestigial from other competitive, random, monoallelic choices like X chromosome inactivation [36] .
We have previously shown that the OR promoter is the substrate for tetM71tg-induced suppression [9] . The tetM71tg allele suppresses endogenous OR without being shut down, as it contains an exogenous promoter [26] . While tetM71tg contains an OR-coding sequence, we see no evidence for the assertion [37] that it affects any aspect of OR regulation. Furthermore, the ability to express MOR28 under OMP control (OiR) directly belies an OR-coding suppressive effect [37] .
Summary and the Role of PSR OR regulation generates >2,000 transcriptional outcomes, endowing an equal number of OSN identities. This extreme selectivity results from a slow initial phase, when individual OR alleles are infrequently activated, followed by a feedback stage halting the process and preserving singular choice (reviewed in [11, 16, 28] ). Mathematical modeling has determined parameters for activation and feedback that ensure a high probability of singular expression [15] . These analyses also defined a failure rate, when activation proceeds too quickly, or feedback proceeds too slowly, resulting in neurons expressing multiple ORs. OSNs are unlikely to use feedback suppression to restore singular OR expression once more than one allele is activated. We have revealed a post-selection refinement (PSR) mechanism, which restores singular OR expression and unique neuronal identity.
How large a role could PSR play in OR regulation? The feedback suppression elicited after receptor expression is robust, and OR pseudogenes are unable to evoke it, as they cannot activate UPR [28] . We may estimate the fraction of PSR-mediated selection outcomes by examining the rate of wild-type switching, which is $10% for highly transcribed MOR28 [12] , and roughly twice that for P2 (this study), which is expressed at a lower per-cell level. OR alleles expressed at even lower per-cell levels, and found less frequently in the epithelium, may demonstrate even higher rates of wild-type switching and higher dependence on PSR. 
